The notion of apparent activation energy is discussed in relation to structure sensitivity of complex heterogeneous catalytic reactions comprising several steps. The cases of nonuniform surfaces (intrinsic and induced) are considered, showing that the apparent activation energy depends on the cluster size and surface coverage. The theoretical analysis of the apparent activation energy was also extended for the two step sequence with deactivating catalyst by poisoning or when coking occurs as a result of the reactant interactions with an intermediate.
Introduction
Kinetic analysis of complex non-catalytic and catalytic organic reactions is more and more utilized in academia and industry [1] [2] [3] [4] [5] . Such analysis became a routine part of chemical reaction engineering [6] [7] [8] [9] [10] , where rather complex mechanisms are rigorously treated using numerical data fitting.
An opposite, but understandable, trend, stemming from a desire to diminish complexity, is to express the rate (r) in a simplistic way with some global reaction parameters, such as apparent orders in reactants and catalysts or apparent activation energy where r is the rate, concentration of substrate i, n i -reaction order in this compound, E act -apparent activation energy. Utilization of simple approaches to interpret kinetic data can be a valuable tool for the study of reaction mechanisms. For example, reaction orders in the substrates can point out on the mechanistic aspects of a particular compound involvement in the catalytic cycle [11] [12] [13] [14] [15] . Often the reaction orders in hydrogen and oxygen in respective hydrogenation and oxidation reaction equal to 0.5 are taken as an argument in favour of dissociative adsorption, while a reaction order in catalysts below unity [5] is associated with formation of dimeric catalytic species [13] [14] [15] .
While fractional orders almost immediately point out on complex reaction mechanisms and are viewed in this way by both experts and non-experts in kinetics, interpretation of the activation energy is less straightforward, even if it was recognized long time ago that apparent activation energy for a heterogeneous catalytic reaction depends on the heat of adsorption of reactants [18] .
Rigorous analysis of apparent activation energy was described in [19] for the two-step mechanism with two kinetically significant steps [6, 16, 17] , and one most abundant surface intermediate In Eq. (2) A, B are reactants, C, and D are products, Z is the surface site and I is an adsorbed intermediate. The expression for turnover frequency for this mechanism is given by [16] .
Considering that for a reaction with both irreversible steps considered in [19] the apparent activation energy can be calculated as
In the classical treatment of [19] dependence of the structure sensitivity [20, 21] on apparent activation energy was not considered. Therefore, the main focus in the current work is on analyzing the apparent activation energy and overall temperature dependence for representative reaction mechanisms, when the cluster size dependence is incorporated in the rate constants. In the previous studies of the author [22] [23] [24] derivation of the rate equations has been already reported for the two step sequences on uniform and (2)
nonuniform surfaces as well as for the Langmuir-Hinshelwood type of mechanism. These cases will be considered in this work.
Apparent Activation Energy for Two-Step Sequence on Nonideal Surfaces

Structure Sensitivity
The treatment above (Eq. 5) assumed ideal surfaces in a sense that all surface sites were considered to be the same or lateral interactions were neglected. In other words the reaction is viewed as structure insensitive, which is often not the case. A discrete approach accounting for different sites considers TOF as a sum over contributions of terraces (t), steps (s) and corners (c) [25] [26] [27] with the corresponding geometrical factors in the following way:
where f terraces , f edges and f corners denote the fractions of these surface sites and can be calculated knowing relative fractions of terraces, edges and corners for a particular cluster geometry (cube, etc.) similar to [28] , in which the first step in Eq. (2) was considered reversible Analysis of the temperature dependence for Eq. (7) is not straightforward as the rate constants for different sites can, in principle, have different activation energy.
An alternative approach is to consider a continuous dependence of the rate constant on the cluster size [22] giving an expression of TOF for the two-step sequence where α is the Polanyi parameter, d cluster is given in nm and reflects the difference between Gibbs energy of adsorption on edges and terraces:
Adsorption on corners was not explicitly addressed in [22] , due to a low fraction of corners in typical (6) v(d) = r terraces f terraces + r corners f corners + r edges f edges
RT heterogeneous catalysts with clusters having the size of few nanometers. Analysis in [22] was thus based on the following considerations where ΔG ads,terraces and ΔG ads,edges correspond respectively to adsorption on terraces and edges. In a particular case of the two step sequence with the second step being irreversible Equation (11) can be rearranged using expressions for pre-exponential factors from the transition state theory [29] with ΔΔG ads = (ΔG ads,edges − ΔG ads,terraces ) . In Eq. (12) , also partial pressures of the reactants in the following way Apparently, when there is a negligible difference between Gibbs energy of adsorption on edges and terraces ΔΔG ads ≈ 0 , Eq. (12) is reduced to a special case when the reaction is structure insensitive Analysis of apparent activation energy utilizing Eq. (14) can be done by comparing terms in the denominator of the right-hand side of Eq. (14) . The difference between the activation energy of the first step in the reverse and forward directions is equal to the enthalpy of this step, defined as 
∕∕RT the activation energy is equal to the activation energy of the second step. Otherwise, the value of activation energy can vary depending on the relative contribution of terms in the denominator and, more specifically, values of concentrations and partition functions. In a general case of the structure sensitive reactions the apparent activation energy depends not only on the activation energy of the second step E 2 , but also on the cluster size. This can be illustrated by considering that E act = RT 2 ( ln r∕ T) thus giving an overall expression for the activation energy Equation (16) illustrates that the apparent activation energy has a complex dependence on the cluster size. For a particular case of the reaction mechanism when only the second step determines the overall rate, Eq. (16) can be essentially simplified giving It follows from Eq. (17) that the activation energy can either increase or decrease as a function of the cluster size depending on which types of sites the Gibbs energy of adsorption is larger.
Lateral Interactions
For the analysis of the influence of induced surface nonuniformity it is instructive to use the surface electronic gas model [30] proposed for accounting the lateral interactions. The derivation of the two-step sequence adhering to the surface electronic gas model was reported previously [31, 32] . The surface electron gas model, not applicable at very low coverage, explains mutual interactions between adsorbed species and the catalyst by changes in the position of the Fermi level. It assumes a complete or partial ionization of (16)
the adsorbed species taking place during chemisorption with an electron transfer to the surface layer. As shown in [32] the model gives the Fowler-Guggenheim adsorption isotherm, different from the Langmuir isotherm by an exponential term accounting for lateral interactions.
Rearranging an expression presented in [32] for the medium coverage the reaction rate can be written as where i are frequencies of steps (i.e. +1 = k +1 P A ,etc.), and η is the effective charge acquired by the adsorbed species, h is the Planck constant, k B -Boltzmann constant, m*-effective electron mass.
A simple analysis of the two-step sequence with both irreversible steps gives with the value of an apparent activation energy equal to
The value of the Polanyi parameter is often within 0.3 ÷ 0.7, with a typical value of 0.5. Analysis of Eq. (20) shows that for the case of lateral interactions when the reaction proceeds in the range of medium coverage (for example ca. 0.2 ÷ 0.8) the apparent activation energy is a mean value of the activation energies of elementary steps independent on the pre-exponential factors.
Langmuir-Hinshelwood Mechanism with a Non-linear Step
The scheme discussed above contains only linear steps, i.e. only one (either free or an occupied) site is present on the left or right sides of equations for elementary reactions. In case of nonlinear steps due to nonlinearity, the resulting equations can be difficult to solve and can lead to multiple steady states [33] . The reaction mechanisms cannot be presented using a simple concept of catalytic cycles [34] and the topological representation of catalytic cycles with nonlinear steps requires that the nodes comprise all possible surface species including free sites while branches indicate interconnections between reactions.
In the current treatment it is worth to consider the Langmuir-Hinshelwood mechanism where for simplicity adsorption steps are considered as quasi-equilibria and the surface reaction between the two adsorbed species (i.e. step 3 in Eq. 21) is supposed to be the rate-determining step. The reaction rate is expressed for the irreversible reaction by
denote pre-exponential factors of adsorption constants of A and B. At low coverage of reactants both terms in the denominator of Eq. (22) are smaller than unity thus E act = E 3 + ΔH 1 + ΔH 2 . On the contrary at high surface coverage of a certain compound (e.g. A) the respective term in the denominator is larger than other terms (reflecting the coverage of the other compound and the fraction of vacant sites), finally giving an expression for the apparent activation energy E act = E 3 − ΔH 1 + ΔH 2 . This simple example clearly illustrates, similar to an example of a linear mechanism discussed above, that the activation energy depends on the experimental conditions and can change when the reaction order is changing.
Moreover, it can be demonstrated similar to the case of linear reaction mechanism, that the apparent activation energy for a structure sensitive catalytic reaction depends also on the cluster size with ΔΔG ads,A = (ΔG ads,edges,A − ΔG ads,terraces,A ) reflecting difference in the Gibbs adsorption energy of the substrate A on edges and terraces, etc., and the values of pre-exponential factors corresponding to the reaction on terraces.
(21) For the domain of low coverage when the structure sensitivity is pronounced, contribution of the terms containing ΔΔG ads,A and ΔΔG ads,B cannot be neglected and the apparent activation energy depends also on the cluster size.
Experimental data reporting changes in the activation energy with the cluster size were presented recently for dehydrogenation of propane [35] . The reaction mechanism in a simplified form with the first C-H activation steps being the rate limiting can be given as where on the right hand of the expressions for elementary steps their stoichiometric numbers [36] are listed. The rate expression for mechanism (24) can be derived in a similar fashion for the Langmuir-Hinshelwood mechanism with dissociation In the case when the observed reaction order in propane is equal to unity and the order in hydrogen is one, the activation energy is just (24)
Comparison between experimental data of [35] and Eq. (26) is presented in Fig. 1 , illustrating an increase of the apparent activation energy when the size of clusters is increasing in agreement with the theoretical prediction. The value of parameter 3 (ΔΔG ads,AH 2 ) was calculated as ca. − 77 kJ/mol, pointing out on a substantial difference between the Gibbs energy of adsorption of the alkane on edges and terraces, while the sum of E 3 + ΔH 1 is ca. 105 kJ/mol.
In the particular case of propane dehydrogenation, the activation energy is approaching this value of 105 kJ/mol, while the minimum observed activation energy should correspond to the isolated single atom catalysts. For the case, when there is a small difference between the Gibbs energy of adsorption of the alkane on edges and terraces, the reaction is structure insensitive and the apparent activation energy, as expected, does not change with the cluster size. When ΔΔG ads for adsorption of an alkane is positive, the apparent activation energy on smaller clusters is higher than for larger clusters levelling off upon the cluster size increase.
Typically limited experimental data are available for temperature dependent structure sensitive reactions, when also a reliable kinetic model for the corresponding reaction is established. The current work provides a mathematical framework for analysis of apparent activation energy in the case of such structure sensitive reactions and hopefully will serve a starting point for kinetic studies of such sensitive reactions, when determination of the apparent activation energy for catalysts bearing different cluster sizes will be combined with development of a reliable kinetic model. Such combination, comprising also theoretical and experimental elucidation of the Gibbs energy of adsorption on edges and terraces, will allow to address how physically reasonable are the parameters, which follow the analysis of the apparent activation energy dependence on the cluster size.
Deactivation
In the treatment above only intrinsic activity was considered as a descriptor of the catalyst performance. While activity and selectivity are often the primary concerns of research in academia [37] , long term stability and deactivation are usually the least explored. This treatment is focused on the apparent activation energy for some complex reaction, thus it would be interesting to analyse what would be the impact of deactivation on apparent activation energy for structure sensitive reactions. The theoretical treatment was presented in [38] for the case of two step sequence when coking occurs as a result of the reactant A interacting with an intermediate I. The following expression was obtained for the steady state rate in the case of separable kinetics, when deactivation does not depend on the kinetic parameters of the main reaction where r 0 is the initial rate defined through the apparent rate constant, reaction order and activation energy as
) , r deact is the rate when the catalyst
is the ratio between coking and self-regeneration constants, K reflects the difference between the Gibbs energy of adsorption of coke on edges and terraces K = (ΔG K,edges − ΔG K,terraces )∕RT and C A is the concentration of reactant A.
Such formulation allows to consider cases when, for example, edge sites, being intrinsically more reactive with higher rate constants, are more severely poisoned or inactivated by coke because of a stronger binding of coke or stronger poisoning.
In the continuous approach adapted above (Eq. 10) affinities of the terraces and edges are represented by different values of the Gibbs energy of adsorption on these sites. Reactivity in the main reaction was thus expressed through , which reflects such difference between Gibbs energy of adsorption on edges and terraces. Different level of poisoning by edges and terraces is considered in the current model in a similar way by introducing the parameter K accounting for the difference between the Gibbs energy of adsorption of coke on edges and terraces. Different affinity of coke would give the value of parameter K = (ΔG K,edges − ΔG K,terraces )∕RT deviating from zero and this in turn will influence how deactivation depends on the cluster size.
An alternative to this approach, would be to explicitly consider the overall rate as the sum of contributions on different types of sites with varying coverage when the cluster size is changing. Such changes in coverage follow implicitly from Eq. (7) as the values of rate constants (or adsorption coefficients for other reaction mechanisms) are different on edges, corners and terraces.
It was demonstrated in [28] for the deactivation free reaction that when TOF is either increasing or decreasing with the cluster size both models (i.e. discrete and continuous) give equivalent description of the experimental data. The same can be expected for structure sensitive deactivation.
Within the framework of the continuous approach adapted in the current work, the initial rates in deactivation free conditions and for the deactivated catalyst can be described using power low expressions with temperature dependent apparent rate constants, thus giving
In case of strong deactivation, the second term in denominator of Eq. (28) prevails and subsequently one gets where ΔΔG ads,K = (ΔG ads,edges,K − ΔG ads,terraces,K ) reflects in the difference in the Gibbs energy of adsorption of coke on edges and terraces.
Difference between the apparent activation energies for the deactivated catalyst and in the deactivation free conditions thus depends inversely on the cluster size. The enthalpy of coking is positive considering the endothermic nature of reactions leading to deactivation (dehydrogenation, cracking). The absolute value of E act,deact − E act,0 can be either positive or negative depending thus on ΔG K,edges − ΔG K,terraces . Within the framework of the theoretical approach discussed above a stronger Gibbs adsorption energy on terraces than on edges will result in a larger difference between the apparent activation energy on smaller clusters in line with experimental data of [35] on propane dehydrogenation on Pt. Figure 2 illustrates that Eq. (29) is able to quantitatively describe the difference between apparent activation energies of the fresh and deactivated catalysts. The calculated value of ΔH K is rather low requiring a further theoretical analysis, which is outside of the scope of the current contribution. The theoretical treatment in [38] for the two step sequence considered not only coking, but also poisoning assuming that a free unoccupied site is required for adsorption of a poison, which in a general case can be reversible. In the case of non-separable kinetics the rate expression for a deactivating catalyst as a function of time on stream was derived [38] ;
where C p is the concentration of the poison, k +p and k +p are the kinetic constants of poisoning in the forward and reverse direction, respectively and W is given by
In [38] it was assumed that 1 + W≈1 giving an expression for separable kinetics, when deactivation is completely independent on the main reaction. In a more general case
The rate constants for poisoning are where α p is the Polanyi parameter for the poisoning step and p = (ΔG p,edges − ΔG p,terraces )∕RT , reflecting the difference between the Gibbs energy of adsorption of the poison on edges and terraces.
The time on stream dependence of the reaction rate in the case of poisoning is thus For a specific case of the second step in mechanism (2) being irreversible and the same values for Polanyi parameter in both steps a general expression for W given in [38] is reduced to (30) 
where is given by Eq. (9) . For deactivation at infinite time when a stationary state is reached, expression (34) can be simplified allowing to analyse the apparent activation energy in a similar was as it was done for coking
The value of the apparent activation energy has thus a rather complex dependence on the cluster size.
For the case of separable poisoning Eq. (37) is transformed into which is conceptually very similar to the case of coking discussed above.
Conclusion
Interpretation of catalytic kinetics is quite often simplified by considering turnover frequencies as a measure to quantify performance of catalysts. Moreover, power-law kinetics with fractional orders to reactants and an apparent constant with an exponential temperature dependence are often utilized as a proxy for reaction kinetics based on a step-wise reaction mechanism.
Evaluation of the reactions orders by linearizing experimental data and plotting logarithms of rates vs logarithm of concentrations is very straightforward. When the orders in the reactants are fractional it is often concluded that a particular reaction is a complex one comprising several steps. Such conclusion about a multistep reaction might be C P e −ΔΔG ads,P ∕d cluster −ΔH P RT hindered when only a simplified concept of an apparent activation energy is applied. In particular, the current theoretical analysis shows that interpretation of the apparent activation energy is far from being trivial in the case of complex structure sensitive catalytic reactions with several steps. For a two step sequence when only the second step determines the overall rate, the activation energy can either increase or decrease as a function of the cluster size depending on which types of sites the Gibbs energy of adsorption is larger. For the same reaction sequence with catalyst deactivation by coking originating from the intermediate, there could be a difference between the apparent activation energies for the deactivated catalyst and in the deactivation free conditions depending inversely on the cluster size.
